An approximation to coherent sampling, also known as boot-strapped waveform averaging, is presented. The method uses digital cavities to determine the condition for coherent sampling. It can be used to increase the effective sampling rate of a repetitive signal and the signal to noise ratio simultaneously. The method is demon- 
I. INTRODUCTION
The analog to digital converters (ADCs) that are used in mordern signal digitizers have fixed sampling rates, that can range up to few giga samples per second for digitizers with 8 bit ADCs. In order to further increase the sampling rate, one uses some form of interleaving methods. The interleaving techniques may be classified into two groups, one based on hardware and other based on signal processing.
The hardware based interleaving uses multiple ADCs, which digitize the signal in parallel.
In this technique, the signal is simultaneously channeled to the different ADCs.
1 The ADCs are triggered with slight phase difference such that they sample different sections of the signal. Finally, the data stream from all the ADCs are merged based on the trigger sequence.
In this technique, the effective sampling rate is the multiple of the sampling rate of one ADC and the number of the ADCs used in parallel.
Random interleaved sampling (RIS) is another interleaving method based on the signal processing. It is specialized feature used in some of the digital sampling oscilloscopes (DSO) 2 .
In RIS, the signal is sampled multiple times by changing the trigger position using a timeto-digital converter (TDC). The value from the TDC is used to arrange and interleave the different waveforms. If n waveforms are interleaved then the end result is a single waveform sampled at an effective sampling rate that is n times the digitization speed of the ADC. One of the drawbacks of this technique is that it requires TDC for controlling the trigger, which is not available in general ADC boards.
Coherent sampling is yet another method that can be used to increase the effective sampling rate of repetitive signal. In this method, the sampling condition that fulfills the
where f s is the sampling frequency, f IN is the signal frequency, M is the integer number of cycles in the data record and N is the integer number of samples in the record. 3 Coherent sampling is primarily used in sinewave testing of ADCs. Nevertheless, the M cycles of the waveform obtained by coherent sampling can be unwarped to increase the effective sampling rate. However, finding the right condition for coherent sampling is complex.
external trigger from the signal source during digitization, can be used to analyze any repetitive signals and the effective sampling rate can be varied. We demonstrate the technique by using it to measure the lifetime of fluorescence from a dye molecule, Rhodamine 6G, with a time precision of 10 ps using a digitizer with the normal sampling rate of 1 GSa/s.
II. ALGORITHMS OF BOOT-STRAPPED WAVE-FORM AVERAGING
The boot-strapped wave-form averaging is an approximation to the coherent sampling.
In order to describe the algorithm, we assume that the signal is digitized at regular intervals, τ . In the method, one first approximates the window that holds complete M cycles by using using the digital cavities. The data stream is folded m times into the cavities of varying length. When the cavity length approximately matches the coherent sampling condition, the signal within the cavity enhances. The folding of the data in the cavity also reduces the random noise by √ m. If the length of the cavity for coherent build up of the signal is N , then the approximate time period of the waveform is given by
Using T , one can "boot-strap" the different cycles of the waveform in the digital cavity to generate one waveform that is effectively sampled at the regular intervals of τ /M .
III. MEASUREMENT OF FLUORESCENCE LIFETIME USING BOOT-STRAPPED WAVEFORM AVERAGING
In order to demonstrate an implementation of the algorithm, we have used it to measure the lifetime of fluorescence from Rhodamine 6G. The schematics of the experimental setup is shown in Figure 1 . The optical setup has been described elsewhere. to focus the laser beam onto the sample in a flow-cell. The microscope setup has been described elsewhere. 6 A millimolar solution of rhodamine 6G in water is used as the sample.
The fluorescence from the sample excited by two-photon absorption is directed to a fast avalanche photodiode (APD) (APD210, MenloSystems GmbH). The APD has a bandwidth of 1.6 GHz. The signal from the APD is digitized by a fast digitizer (ATS9870, Alazartech)
at the rate of 1 GSa/s (giga samples per second). A sample of the raw digitized signal is shown in Figure 2 (a.). Figure 2 (b.) shows the first 57 data points. As shown in the figure, the data has a poor temporal resolution of 1 ns and is rather noisy because of which one does not observe the clear decay profile of the fluorescence signal. Previously, we have shown that digital cavities can be used to improve the signal to noise ratio in sinusoidal signals. 7, 8 Here, although the signal is not sinusoidal, it is repetitive.
Nevertheless, a repetitive signal can be decomposed into a fundamental sinusoidal signal and its harmonics, one can still use the algorithm of digital cavity to improve the signal to noise ratio.
A digital cavity is defined by its length, i.e. the number of bins in which the data points are accumulated. The application of the cavity refers to the repeated folding of the data stream in the cavity. 7 If the period of the repetitive signal matches the cavity length it gets enhanced by the number of times the data is folded, otherwise the signal gets averaged out.
In order to find the period after which the signal repeats, we vary the cavity length. Figure 3 shows the amplitude of the signal after averaging 80 times in the digital cavities of varying length. We observe maximum amplitudes when the length of the cavity is 57 ns or 1411 ns.
The signal approximately fulfills the condition of coherent sampling at these lengths of the cavity. The effective sampling rate can be increased further by using the digital cavity of longer Although, we have shown the use of boot-strapped waveform averaging for the measurement of fluorescence lifetimes, the method is general and can be used to increase the effective sampling rate in any repetitive signal.
IV. CONCLUSION
We have presented an approximate method of coherent sampling and waveform averaging to increase the signal to noise ratio in a repetitive signal and at the same time increase the effective sampling rate. We have demonstrated its use by measuring the fluorescence lifetime of rhodamine 6G. The method is general and can be used to rapidly analyze any repetitive signal.
